w ithin eukaryotic cells, rab Gtpases control the maturation of early to late endosomes and their subsequent fusion with the vacuole. within this Extraview, we will focus on our recent findings regarding the activation of the rab7 homolog ypt7 in yeast and its interplay with the two multisubunit tethering complexes corvEt and hops.
Introduction
Eukaryotes are distinguished, among other features, by their requirement and ability to maintain subcellular compartments. This relies on continuous, import-export balanced supply of lipids and proteins. Protein and lipid trafficking occur by budding and scission of transport vesicles at one organelle, directed or diffusion driven transport to the destination, and finally fusion of transport vesicles with the target membrane. These events are precisely controlled in time and space by a variety of proteins and lipids. Among these are small GTPases along with their regulators and effectors, adaptor proteins, coat proteins, tethers, SNAREs, and a variety of phosphoinositol derivatives.
Here, we focus on events in the yeast endocytic pathway. Endocytic vesicles transport ubiquitinated receptors from the plasma membrane to early endosomes, which are transformed to late endosomes/ multivesicular bodies to finally fuse with the lysosome or vacuole. The process is critical for the turn-over and recycling of the plasma membrane constituents, and ubiquitin is known as a membrane identifier of the maturing endosome. This transport route is not merely unidirectional, as it also provides means to recycle rab Gtpases and tethering in the yeast endocytic pathway Jens Lachmann, Christian Ungermann and Siegfried Engelbrecht-Vandré* Department of Biology/Chemistry; Biochemistry Section; University of Osnabrück; Osnabrück, Germany for instance endocytosed receptors back to the plasma membrane, which otherwise would be digested in the vacuole. On its way, the endosomal compartment merges with Golgi-derived vesicles of the biosynthetic pathway, which deliver hydrolases to the vacuole. Another pathway originates directly at the trans Golgi network, and is called the AP-3 pathway because of its special adaptor protein complex. It carries specific membrane proteins, which thus avoid the multivesicular bodies and the associated sorting machinery into the vacuole lumen. In addition, homotypic vacuole-vacuole fusion takes place, primarily after cytokinesis.
Vesicle fusion with a target membrane in general consists of reversible first contacts provided by a small Rab GTPase located on the vesicle and its effectora tether protein, which is recruited from the cytosol. Tethers are either coiled-coil proteins like Vac1/EEA1, acting at the early endosome, or multisubunit tethering complexes (MTCs) with up to ten subunits like the heterohexameric HOPS complex.
1 They bridge opposing membranes as direct effectors of Rab GTPases, and interact with lipids and SNAREs. The SNAREs are present on opposing membranes, form specific intermolecular four helix bundles during membrane docking, and thus catalyze membrane fusion. 2 The subsequently formed SNARE complexes on the fused membranes are thereafter disassembled by the AAA-ATPase Sec18/ NSF and its adaptor protein Sec17/a-SNAP. SNAREs can thus be reused after fusion.
MTCs are thought to specifically mediate the SNARE assembly and proofread the assembled complex. At least in yeast, the HOPS tethering complex was shown ExTra viEw ExTra viEw membrane by shielding its hydrophobic prenyl anchor. Reinsertion into the membrane for another round of activation may be assisted then by a GDI dissociation factor (GDF). 9 The C-terminal Cys motif of Rab GTPases is preceded by a hypervariable region of 35-40 residues, also essential for localization, membrane binding and interaction with GDI and REP. 10 Maturing organelles pose a problem in identification, since they gradually change in surface composition. An interesting model explains this by a linear arrangement of Rab GTPases. 2, 5, 11, 12 In a way, such a series resembles a counter current distribution, in that one active Rab both recruits the GEF for the following Rab, which thereby is turned on and at the same time binds the GAP for the preceding Rab, which thereby is switched off.
5,13,14

Regulation of Rab GTPases in Yeast Endocytosis
In yeast, early endosomes contain the Rab5-like Vps21, whereas late endosomes and the vacuole contain the Rab7 homolog Ypt7. It is assumed that the distribution of these two both reflects and determines organelle identity. figure 1 summarizes to prevent premature disassembly of the SNAREs. 3 Thus, tethering complexes are multifunctional, since they can interact with both a small GTPase and SNAREs. Whether this occurs sequentially or concomitantly and who comes first is a most interesting open question. 1, 3, 4 Among the five principal families of small GTPases the Rabs ["Ras" = (Rat sarcoma)-related in brain] are central regulators of vesicle budding, motility, and fusion. They also comprise the largest number: 11 in S. cerevisiae, > 60 in humans, and close to 60 in Arabidopsis thaliana. 5 This factor of ~5 reflects the more demanding requirements both in terms of specialization and diversification in higher eukaryotes as compared with yeast.
Rab GTPases cycle between a GTPand a GDP-bound state. The difference is most evident in two so-called switch regions, which are much more ordered if GTP is bound to the Rab. Only in the active GTP-form the Rab interacts with its effector. Despite their name, small GTPases are poor catalysts, their intrinsic hydrolysis rate is very low. Hydrolysis is accelerated by binding of a GTPase activating protein (GAP), which harbors the well-conserved and indispensable TBC (Tre-2/Bub2/Cdc16) domain. This domain encodes an "arginine finger" and a "glutamine finger", which both complement the active site and stabilize the transition state for GTP-hydrolysis. The cycle of the GTPase is completed by a guanine nucleotide exchange factor (GEF) that catalyzes the quick exchange from GDP to GTP, which is at least 10-fold more abundant in cells than GDP. GTPases thus require both a GAP and a GEF in order to be switchable between "on" and "off". [5] [6] [7] Organelles of the endomembrane system are distinguished from each other functionally and hence structurally: both their limiting membranes may vary in lipid and protein composition, including Rab GTPases. This raises the question about the Rab localization. Rab GTPases are posttranslationally modified at their C-termini by geranylgeranylation, which serves as a hydrophobic membrane anchor. Upon their synthesis, they bind GDP and then attach to the Rab escort protein (REP), followed by prenyl tail addition through geranylgeranyl transferase (RabGGT), and delivery to the target membrane. 8 There, the GEF-GAP cycle takes place. After inactivation, a guanine nucleotide dissociation inhibitor (GDI) can extract the GDP-Rab from the Structural data on the two rab GTPases vps21 (Ypt51) and Ypt7 from S. cerevisiae. (a) secondary structure assignment and sequence alignment, (B) overlay of 3d structures. The assignments in (a) (labeled "dssp") and the overlay in (B) were made with YaSara 15 based on pdb entries 1ky2 and 1ek0 (www.pdb.org). The crystal structures describe residues 5-174 of vps21 and 3-182 of Ypt7, the hypervariable domains were removed. "Switch 1" and "Switch 2" indicate the regions that change conformation most dramatically upon binding of GTP. The hypervariable domain is important in targeting and for interaction with rEP and GDi (compare text). C = coil, E = b strand, H = a helix, t = turn, 3 = 3 10 helix. The alignment was made with TCoffee. 16 in B vps21 is shown in red and the bound GTP analog in yellow, Ypt7/GPPNHP in light blue/green. The N-and C-termini are colored blue, they are barely visible in the lower portion and at the back of the molecules. The hypervariable domains thus also would extend away from the viewer. The two switch regions are colored blue for Ypt7, Switch 1 is at the left border and Switch 2 at the lower left.
game, namely GEF, GDI, Rab, GDP, and GTP. [25] [26] [27] figure 2 presents a model consistent with our current knowledge of the events at the maturing endosome.
Rab-Mediated Tethering in Yeast Endocytosis
As discussed, GTP-loaded Rabs bind their effectors on membranes and promote membrane remodelling and the subsequent fusion. On early endosomes Vps21-GTP interacts with the tethering complex CORVET (class C core vacuole/ endosome tethering), and at the late endosome and vacuole, Ypt7-GTP interacts with the homologous HOPS (homotypic fusion and protein sorting) complex. [28] [29] [30] These two heterohexameric complexes share four out of six subunits, the class C core subunits (Vps 11, 16, 18, 33), and two complex-specific subunits (CORVET: Vps3 and 8; HOPS: Vps39 and 41). Both interact with their specific Rab. Within the CORVET complex, Vps3 and Vps8 bind to Vps21-GTP. 28, 31, 32 HOPS binds to Ypt7-GTP via its subunit Vps41. 33, 34 The HOPS specific subunit Vps39 also Does the activated Ypt7 also sequester the GAP for the preceding Rab, Vps21, thereby completing the cascade? In C. elegans Mon1 can shut down the previous GEF and TBC-2 has been identified as a GAP for RAB-5, that needs RAB-7 to localize on the late endosome. 22, 23 Mammalian RabGAP-5 specifically blocks the EGF uptake in early endocytosis by deactivating Rab5. 24 In yeast, no specific GAP for Vps21 has been identified so far. So at least a portion of the aforementioned chain of events (an active Rab recruits the GEF for the following Rab) seems to occur during the transition from early to late endosomes (table 1) also in yeast.
It remains unclear whether endosomal Rabs really require a GDF to be displaced from GDI, when recruited to membranes. With respect to DrrA from Legionella, the GEF activity of this protein in vitro is sufficient to displace GDI and concomitantly convert Rab1 to the GTP form. This can be explained on thermodynamic grounds and requires an appropriate match between concentrations and affinities of and between the players in the some structural features of these two Rab GTPases.
During endocytosis of ubiquitinated plasma membrane receptors, Vps21 is activated by its GEF Vps9 (Rabex5 in mammals), and promotes fusion with early endosomes. 17, 18 As these mature by fusion with incoming Golgi-derived vesicles and upon formation of intralumenal vesicles (ILVs), Ypt7 is recruited to the late endosome. ILVs in the maturing MVBs contain receptors that are cleared of ubiquitin during their sorting. This in turn also changes the surface composition of endosomes. We demonstrated that Mon1-Ccz1 is the GEF for Ypt7, and that it requires Vps21 and its effector, the CORVET complex, to bind to endosomes. 19 These data are supported by recent findings from other organisms. In C. elegans, the Mon1 homolog SAND-1 is sufficient to displace Rabex5 from endosomes. This interrupts the permanent activation of Rab5 and promotes binding of Rab7 to late endosomes. 20 The mammalian Mon1 interacts with Rab5-GTP, but only the complex of Mon1-Ccz1 binds Rab7, and seems to promote its activation and release from GDI.
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Figure 2. working model of the transition from the early to the late endosome/MvB (modified from Nordmann et al. 19 ). The activation of vps21 takes place at the plasma membrane or endocytic vesicle via vps9. at the early endosome, vps21 recruits its effectors, vps3 and vps8, and therefore the COrvET complex. This module is then required for the recruitment of the Mon1-Ccz1 complex, which catalyzes the nucleotide exchange of the downstream rab GTPase Ypt7, and hence activates its signaling. it is not known so far, if the targeting of Ypt7 is supported by a GDF or possibly by a vps21 effector. Once activated, Ypt7 binds the HOPS complex for the fusion of the MvB with the vacuole. whether the COrvET either matures into the HOPS, or both are recruited independently, remains to be clarified. Likewise, a specific vps21 GaP is not known. The activation state of the rabs is depicted by a spiny (GDP) or a smooth shape (GTP). Double-headed arrows indicate likely interactions, question marks point out gaps in our knowledge. The size of the protein icons does not reflect their respective masses.
complexes, may influence the formation of CORVET and HOPS. 32, 34 Independently, Vps41-39 and Vps8-3 subcomplexes have been reported. 32 Although we could not recover these complexes from yeast so far, their existence suggests that HOPS and CORVET may assemble in the cytosol. It thus remains an open question whether CORVET is rebuilt into HOPS (the opposite would appear rather improbable in view of the chronological order of events), or whether both complexes are assembled independently. The existence of the hybrid hexamer Vps41-Vps3-C core certainly points into the former direction, with the higher affinity subunit (Vps39) taking over from the lower affinity (Vps3) subunit. A hybrid variant Vps8-Vps39-C core may also exist. In our model, it would possibly strongly interfere with a unidirectional transition from CORVET into HOPS. In any case, the concomitant presence of all six subunits in the cytosol would require some sort of usher to allow for incorporation of the lower affinity subunits in the first place. The two Rabs, Vps21 and Ypt7 would come in handy for this purpose then, perhaps serving as nucleation points for the following steps. How the exchange of Rabs and maturation/change of tethers is linked to endosomal maturation is not yet clear. It is possible that the reduction of ubiquitinated receptors on the organelle contributes to this transition. The existence of significant amounts of both Ypt7 and HOPS already at the late endosome would call for a hand-over from Vps21-bound CORVET. At the extreme, CORVET could also be a mere precursor of the ultimately important HOPS, perhaps even devoid of tethering activity by itself.
Usually, one would expect a tethering complex to reside on the target membrane, not on an incoming transport vesicle. In view of the SNARE binding subunit Vps33, a binding via this fixation also is possible, especially since the number of Sec1/Munc18 like proteins in yeast (four) is much smaller than the number of characterized SNARE complexes (eight), thus calling for redundancy in binding. The finding that HOPS prevents premature disassembly of preassembled SNAREs also perfectly fits the picture. 3 In addition, HOPS binds the vacuolar SNARE recognizes Ypt7, but apparently independently of its nucleotide load and only as monomeric, free Vps39, a rather puzzling finding. 29, 32, 34 It was recently proposed that Vps3 and Vps8, as well as Vps41 and Vps39 build up an interaction module to recognize their appropriate Rabs. 32 This could explain the different behavior of monomeric Vps39 in vitro.
Deletion of each of the class C core subunits leads to a complete fragmentation of the vacuole, consistent with their central function within two complexes. 35 Strikingly, five of the six subunits in each complex have the same predicted domain structure, a N-terminal portion likely forming a b-propeller, followed by a putative a-solenoid domain. 34, 36 The one exception is Vps33, which bears strong homology to SNARE-interacting Sec1/ Munc18-like proteins. 37 To obtain some insight into the assembly of the two complexes, we recently used a deletion and overexpression approach. We could show that the Rab-specific subunits Vps41 and Vps39 occupy one pole of the HOPS complex, whereas the SNARE specific subunit Vps33 is located at the opposite one ( fig. 2) . 34 In view of the identical core subunits and pronounced structural similarities between the other four subunits, a similar arrangement is likely for the CORVET complex. Independent yeast-2 hybrid analyses confirmed these observations. 32 Importantly, the two complexes have different fates if single subunits are deleted. The loss of CORVET Vps3 left a pentamer behind, whereas the deletion of Vps8 resulted in a hybrid hexamer, consisting of Vps3, Vps41 and the four core subunits. A similar hybrid was obtained in vps39D cells. 28, 34 The subunit composition of both complexes suggested early on that they could originate from a common core, which would then be completed to form either CORVET or HOPS. However, we never obtained a tetramer of the core subunits, but rather a dimeric Vps16-Vps33 subcomplex, which also turned up if any central core subunit (Vps11 or 18) was deleted. In the same mutant background, a subcomplex of the class C core subunit Vps11 with Vps39 or CORVET Vps3 was observed. The C-terminal part of Vps11, likely the central hub for both complex in vitro. 38 At the late endosome/ vacuole, just as in homotypic fusion of two vacuoles, the situation, however, is special in that both Rab (Ypt7) and tether (HOPS) are present on both participating membranes. Therefore, a clear-cut decision between these possibilities awaits further experimentation.
As mentioned above, the endocytic pathway provides means to recycle certain compounds rather than degrade them ultimately in the vacuole. An essential part of this process is the retromer complex, which consists of a cargo-selective and a membrane-tubulating subcomplex. 39 The cargo-selective subcomplex (Vps26-29-35) binds to Ypt7-GTP such that the Rab GTPase contributes to the targeting and recruitment of the retromer to endosomal membranes. [40] [41] [42] Since Ypt7 is not exclusively located at the vacuole, but turns up earlier at late endosomes, this finding calls for an integrative role for Ypt7, balancing recycling and degradative processes. Thus, Rab GTPases (and other small GTPases just as well) not only cycle between 'on' and 'off', and membrane bound and cytosolic states, they also take part in cellular networking by a plethora of downstream effectors and, likely, regulators. 
